. As the precise molecular mechanisms underlying this heterogeneous disease are yet to be disclosed, the identification and the validation of novel actors in leukemia is of extreme importance. Here, we show that KCTD15, a member of the emerging class of KCTD ((K)potassium Channel Tetramerization Domain containing) proteins, is strongly upregulated in patients affected by B-cell type acute lymphoblastic leukemia (B-ALL) and in continuous cell lines (RS4;11, REH, TOM-1, SEM) derived from this form of childhood leukemia. Interestingly, KCTD15 downregulation induces apoptosis and cell death suggesting that it has a role in cellular homeostasis and proliferation. In addition, stimulation of normal lymphocytes with the pokeweed mitogen leads to increased KCTD15 levels in a fashion comparable to those observed in proliferating leukemic cells. In this way, the role of KCTD15 is likely not confined to the B-ALL pathological state and extends to activation and proliferation of normal lymphocytes. Collectively, data here presented indicate that KCTD15 is an important and hitherto unidentified player in childhood lymphoid leukemia, and its study could open a new scenario for the identification of altered and still unknown molecular pathways in leukemia.
Results
KCTD15 expression in common B-ALL and after induction therapy. The search for novel key players in leukemia etiology and/or for novel biomarkers was here started through gene expression profiling using RNA-sequencing (RNA-seq) of leukemic cells purified from three pediatric patients affected by B-ALL (Table 1 , patients a-c). This profile was compared with that observed in naïve (mature) B cells from the peripheral blood of three healthy subjects (3 males with a median age of 36) . A total of 25 out of 873 differentially expressed (DE) genes ( Table 2) were found highly up-regulated in terms of fold change (Log2FC ≥ 6). Notably, gene-disease association analysis performed using the DisGeNET (v6.0) database 17 , MedLine and Ensembl indicate that 11 out of these 25 up-regulated genes have not been hitherto associated with leukemia ( Table 2 ). Among these, we focused our attention on KCTD15 being it one of the most up-regulated DE genes (Log2FC~6 and p-adj < 3.74e-19) as shown in the volcano plot reported in Fig. 1a . In order to confirm and extend the data emerged from the RNAseq analysis, we decided to evaluate the expression of the KCTD15 gene and of the encoded protein in a second set composed of 12 patients (patients 1-12 listed in Table 1 ) at diagnosis and at day + 33 after induction therapy when minimal residual disease was undetectable according to the clinical reports (data not shown) and bone marrow (BM) smear examination ( Supplementary Fig. 1 for some exemplificative images). Real-time PCR, which was performed on 10 out of these 12 patients due to the low cellular amount available for 2 of them, clearly indicates that KCTD15 transcription levels were significantly (p = 0.002, Wilcoxon Matched Pairs-test) higher (3.6 times) at diagnosis when compared to day + 33 after therapy (Fig. 1b,c) . This finding was confirmed by the analysis of intracellular KCTD15 protein levels monitored using FCM ( Fig. 2a ). We found that KCTD15 expression was significantly lower (p = 0.0005, Wilcoxon Matched Pairs-test) after therapy (at day + 33) when compared to the counterpart at diagnosis (Fig. 2b) . The detection of KCTD15 up-regulation in common B-ALL cells prompted us to determine its localization by fluorescence microscopy experiments ( Fig. 2c and Supplementary Fig. 4 ). In line with data available for homologous KCTD proteins 18, 19 , we found that KCTD15 is localized in the cytoplasm of leukemic cells. Furthermore, to test the possibility to discriminate leukemic and residual normal cell residing in the same patient BM samples on the basis of KCTD15 levels, we performed a multicolor FCM experiment with simultaneous detection of surface (CD45 and CD19) and intracellular KCTD15 on 5 cryopreserved BM mononuclear cells samples ( Fig. 3) . Interestingly, the KCTD15 expression pattern was similar to that exhibited by the CD19 antigen ( Fig. 3 ) thus confirming its close association with leukemic B cells. KCTD15 is primarily expressed in B-ALL with MLL gene rearrangement. To further validate these results in an independent study population we decided to exploit the MILE study dataset (accession number GEO13159) 20, 21 . To this aim, we selected 3 subpopulations of B-ALL samples classified according to their primary genetic alterations as: proB-ALL with MLL rearrangement t(11q23) (n = 55); preB-ALL without t(9;22) (n = 232); preB-ALL with t(9;22) (n = 111). The KCTD15 expression levels detected in these subgroups were then compared to those recorded in BM samples of healthy subjects (n = 72). Notably, in all cases the mean KCTD15 expression levels were significantly (Tukey multiple comparison tests) higher than that observed in BM samples ( Fig. 4a ) and, generally, higher values were observed in cases with MLL rearrangements.
KCTD15 expression in human B-ALL derived cell lines.
To further investigate this KCTD15 deregulation in B cell leukemia, we extended our analyses to three human continuous cell lines derived from B-cell acute leukemia (RS4;11, REH, TOM-1 and SEM). All tested leukemic cell lines exhibited increased levels of KCTD15 mRNA compared to Peripheral Blood Mononuclear Cells (PBMC) from unaffected subjects, although with a different statistical significance (Fig. 4b ). The overexpression of KCTD15 was even more evident at the protein level as shown by both western blot analyses (WB) ( Fig. 4c ) and FCM ( Fig. 4d ). It is worth mentioning that, according to WB analysis, KCTD15 is highly overexpressed in the RS4;11 ( Fig. 4c and Supplementary Fig. 5 ) and SEM cell line ( Fig. 4c ) that are two model systems featured by MLL rearrangement due to the t(4;11) translocation and MLL-AF4 fusion protein. For RS4;11 this observation is also confirmed by the FCM analysis ( Fig. 4d ); therefore, we decided to use this cell line as the in vitro model system for the following functional experiments.
KCTD15 silencing induced cell death in RS4;11 cells. To gain insights into the role played by KCTD15
in leukemic cells, the gene encoding the protein was silenced using the 2′F-ANA oligonucleotide methodology 22 in the RS4;11 cell line (see Materials and Methods for further details). According to preliminary tests performed using a fluorescently labeled 2′F-ANA variant control (2′F-ANACtr) at a concentration of 1 µM ( Supplementary  Fig. 2 ), the transfection efficiency was ∼99.2%. The treatment of RS4;11 cells with the 2′F-ANA specific for KCTD15 (at 8 µM concentration) determined a progressive decrease of both KCTD15 mRNA and protein levels from day 8 to 16 as indicated by real-time PCR (Fig. 5a ), western blot ( Fig. 5b) and FCM experiments ( Fig. 5c ). As a consequence of KCTD15 silencing and protein downregulation, the percentage of RS4;11 dead cells raised from www.nature.com/scientificreports www.nature.com/scientificreports/ 26.3% (Day-8) to ~ 80% (Day-16), while cells treated with a scrambled variant of 2′F-ANA (2′F-ANA Scramble) did not exhibit appreciable increases in the levels of mortality ( Fig. 5d ) when compared to the untreated counterpart ( Supplementary Fig. 3 ).
KCTD15 is up-regulated after PWM in vitro stimulation of lymphocytes.
To evaluate a possible role of KCTD15 in the proliferation of hematopoietic cells, we decided to treat the peripheral blood lymphocytes for five days with the Pokeweed Mitogen (PWM) that is able to stimulate both T and B cell growth 23, 24 . To actively discriminate growing from resting cells by FCM, we stained all lymphocytes with Cell Trace Violet (CTV) before in vitro incubation (at day 0). After five days of continuous culture, live single cells were selected on the bases of forward (FSC) and side scatter (SSC) ( Fig. 6a,b ). As expected, proliferating cells presented a diminished intensity of CTV fluorescence and increased size in terms of FSC signals (Fig. 6c ). In comparison to the control staining dot plot ( Fig. 6d ), the combined staining for KCTD15 and CTV ( Fig. 6e ) identified, mainly, 3 cellular subsets: (i) KCTD15 low /CTV high ; (ii) KCTD15 high /CTV high ; (iii) KCTD15 high /CTV low . Notably, these last two subsets represent a cellular population of activated and proliferating lymphocytes due to the low CTV fluorescence and increasing FSC signal in comparison to the KCTD15 low /CTV high subset (Fig. 6f ). This novel finding highlights the possible involvement of KCTD15 in the activation and proliferation of lymphoid cells.
Overall, the KCTD15 analysis on in vitro PWM activated lymphocytes confirms a possible role for KCTD15 in the malignant and normal proliferation of lymphoid cells. haploinsufficiency of KCNRG could be associated with the progression of chronic lymphoid leukemia, although no direct connections between KCTD proteins and this pathological state have been so far reported.
Here, we show that KCTD15 is highly upregulated, both at mRNA and protein level, in B-ALL patients and related cell lines. This is particularly evident in RS4;11 cells that represent a B-ALL model system characterized by MLL rearrangement. KCTD15 downregulation by FANA silencing in this cell line induced apoptosis and cell death suggesting that this protein has a role in cellular homeostasis and proliferation. Also, the up-regulation of KCTD15 protein levels following to PWM in vitro stimulation highlights that the role of KCTD15 protein could be not confined to the B-ALL pathological state. This is the first time that KCTD15 has been associated with leukemia pathogenesis. KCTD15 overexpression has never been reported to be linked to pathological states, although it has been indirectly associated with obesity in several literature reports and numerous studies showed an association between this gene and obesity 31, [40] [41] [42] . It is also worth mentioning that the artificial overexpression of KCTD15 inhibits the neural crest formation 37 and that this protein is able to inhibit the Hedgehog pathway in medulloblastoma cells by increasing protein levels of the oncosuppressor KCASH2 43 .
In conclusion, the data presented in this paper show KCTD15 as a novel important player in hematology, whose up-regulation is able to sustain cell growth both in leukemic and physiological conditions. KCTD15 could be involved in still unknown signal transduction or protein degradation mechanisms that need to be defined in future studies. www.nature.com/scientificreports www.nature.com/scientificreports/ 
Materials and Methods
Study population. The present study and all experimental protocols have been approved by the local ethical committee (Comitato Etico IRCCS Pascale, Naples Italy) of IRCCS-SDN with protocol number 6/16 of the 14/09/2016 and by the local ethical committee of AORN Santobono-Pausilipon (Comitato Etico Cardarelli/ Pausilion, Naples Italy) with number 94 of 08/02/2017 in accordance with relevant guidelines and regulations. All participants provided informed consent signed by parents. Patients' clinical features are presented in Table 1 , patients a, b and c were selected for RNAseq experiments, while patients 1-12 for data validation. The study population was composed of 15 young patients affected by common B-cells acute lymphoid leukemia (B-ALL) consecutively admitted to A.O.R.N. Santobono-Pausilipon Hospital of Naples (Italy). At diagnosis, a bone marrow aspiration was performed to evaluate disease characteristics such as blasts morphology, immunophenotype, cytogenetic and molecular abnormalities as reported in Table 1 . B-ALL was at first diagnosed in 14 patients (one case showed mixed phenotype acute leukemia characteristics), while one patient presented a pro-B-ALL. All these patients, after the completion of diagnostic procedures, started AIEOP BFM LAL 2009 protocol (ClinicalTrials. gov Identifier: NCT01117441) or subsequent guidelines (AIEOP BFM LAL 2017). All patients, except PA-9, showed a good response to treatments, with a good prednisone response on day 8 and a number of blasts < 10% at Bone Marrow Aspiration (BMA) on day 15. Interestingly, for PA-9 case it was possible to detect the Philadelphialike associated fusion gene EBF1-PDGFRβ that allowed us to introduce the second-generation tyrosine kinase inhibitor, Dasatinib (Bristol-Myers Squibb, NY, USA) into the therapeutic plan.
RNA sequencing. Total RNA was extracted from leukemic cells and purified B lymphocytes by Trizol (Life
Technologies) reagent protocol, according to manufacturer instructions. RNA concentration and quality were Statistical analysis for RNA-seq data. Statistical analysis for RNA-seq data and GEO data set processing, was carried by R software (version 3.4.3). CPM criteria were applied for RNA-seq raw data matrix filtered for low counts. Normalization step was performed by applying the upper quartile (UQUA) approach. To estimate differentially expressed genes (DE) we considered p-adj ≤ 0.01 for DEseq. 2 method and a posterior probability ≥ 0.99 for NOISeqBio method. We considered only 873 DE genes with |log2FC| ≥ 1. To generate volcano plot we filtered out genes with undefined estimated p-value (NA), in total 109 genes out of the 17085 expressed genes using R package graphics. Microarray data from Microarray Innovations in Leukemia (MILE study stage I data) were downloaded from GEO database (accession number GSE13159, PMID:18573112, PMID:20406941). We considered the whole dataset, performed a full quantile normalization and then transformed in logarithmic scale the probe set expression values, using R package limma 44 . In order to investigate KCTD15 expression profile, we calculated the probe set mean value for the following BM samples: n = 232 c/pre-B-ALL not (9;22), n = 55 Pro B ALL t(11q23)MLL, n = 111 PRE B ALL t(9;22) nd n = 72 healthy BM. Scatter plot was represented, using GraphPad Prism 7. Gene-disease association in the Table 2 , were obtained through the database DisGeNET 17 and In the case of BM aspirates form two patients, identified as PA-11 and PA-12, it was not possible to get a sufficient number of cells to perform RT-PCR due to punctio sicca. Normal B lymphocytes for RNAseq were attained from fresh venous blood collected in 3 mL EDTA vacutainer tubes (Becton Dickinson, CA, USA, Catalog. #367835) from three healthy volunteers. Mononuclear cells were isolated by density gradient centrifugation before applying the EasySep ™ Human B Cell Enrichment Kit (Stemcell Technologies Inc. Catalog #19054) according to manufacturer instructions. In all cases about 1 × 10 6 total live cells were obtained with a purity greater than 90% as assessed by FCM. The following authenticated human cell lines were used: RS4;11, REH, TOM-1 and SEM. All these cell lines were grown in Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 10% Foetal Bovine Serum (GIBCO) and 1% Glutamax (Invitrogen). All cultures were incubated at 37 °C and 5% CO2 and www.nature.com/scientificreports www.nature.com/scientificreports/ RT-PCR experiments were performed using C1000 Touch Thermal Cycler (Bio-Rad, CA, USA) using iQ SYBR Green Supermix (1708882, Bio-Rad) applying for the following program: initial denaturation (95 °C, 3 min), 40 cycles of denaturation (95 °C, 10 sec), annealing (60 °C, 30 sec) and elongation (72 °C, 30 sec), final elongation (72 °C, 10 min) and a final hold (4 °C). The melting curve was generated in the range of 60-95 °C. The reaction volume was 25 µl. Each reaction was performed in duplicate. Samples were normalized to their RPS18 level using the 2 −ΔCt method. Two independent experiments were performed for each RT-PCR. Data were analyzed using Biorad CFX Maestro version 1.0 (Bio-Rad).
Western blot assays. Lysates from human B-ALL cell lines and PBMC (50 μg of protein extracts) were analyzed by Western Blot to check the expression of the proteins. Antibodies used were: anti KCTD15 (GTX50002, Genetex International, USA), and anti β-actin (ab11004, Abcam, UK) as internal control. Proteins were acquired using ChemiDoc Imaging system (Biorad, USA) coupled with Image Lab software.
Fluorescence microscopy. BM smears of B-ALL patients were air-dried overnight and then fixed at −80 °C for 15 minutes with a −80 °C pre-cooled solution of Methanol-Acetone 1:1 (v/v). Subsequently, the slides were subjected to blocking with solution of 3% (w/v) BSA in PBS pH 7.4 at Room Temperature (RT). Anti KCTD15 monoclonal antibody was diluted 1:100 in a solution of PBS + 1% (w/v) BSA and then all slides were incubated for 4 h at + 4 °C. After three wash steps in PBS for 5 minutes each, FITC-conjugated anti-mouse secondary antibody (ab7064, Abcam, UK) diluted 1:200 in a solution of PBS + 1% (w/v) BSA was incubated for 1 h at 4 °C in the dark. After additional three wash steps in PBS, a solution of 4′,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Thermo Fischer Scientific D1306) diluted 1:35000 in PBS was used for coloring of the nuclei.
Images were obtained using an automated upright microscope system (Leica DM5500 B) coupled with Leica Cytovision software.
Flow cytometry experiments.
Flow cytometry experiments with a minimum of 10.000 recorded events were performed using the Cytomics FC500 except in case of Cell Trace Staining on stimulated lymphocytes where the Cytoflex V2-B4-R2 (Beckman-Coulter, CA, USA) instrument was used. Routinely control of instrument sensitivity was performed and no change in instrument sensitivity throughout the study was seen. Intracellular or combined intracellular plus surface staining was performed by the use of PerFix Expose kit (B26976, Beckman Coulter,) according to manufacturer instruction. Data were analyzed using Kaluza analysis software version 2.1 (Beckman-Coulter, CA, USA). The following monoclonal antibodies were used for FCM experiments: anti KCTD15 (GTX50002, Genetex International, USA), CD19 (CD19-RD1, 6603024 Beckman Coulter) and CD45 (CD45-PC5, IM2652U Beckman Coulter). FITC-conjugated anti mouse secondary antibody (ab7064, Abcam, UK) was used for anti-KCTD15 detection.
Proliferation assay. For proliferation assays, PBMC, derived from a healthy male with 39 years old, were stained with a solution of 5 μM of CellTrace TM Proliferation Kits (C34557, ThermoFisher Scientific, USA) in PBS 1x for 20 min according to manufacturer instructions. After the incubation time, the free dye was removed diluting five times the original staining volume with complete culture medium (IMDM with 10%FBS and 1%L-Glutammine). After centrifugation, cells were cultured for 5 days in culture medium supplemented with 2.5 μg/mL of PWM mitogen used to activate lymphocytes. Cell growth and viability were routinely checked by contrast microscope observation. At the end of the culture period, all cells were harvested and centrifugated for the PerFix Expose protocol.
KCTD15 silencing by 2′-Deoxy, 2′Fluroarabino Nucleic Acids (2′F-ANAs) Oligonucleotides. For
KCTD15 silencing we used 2′-deoxy-2′-fluoro-beta-D-arabinonucleic acid (2′F-ANA) modified oligonucleotides (ASOs) 22, 45 . In our case RS4;11 cells were seeded in complete media at a concentration of 5 × 10 5 cells/ml, and two different concentrations (4 and 8 µM) of 2′F-ANAs against KCTD15 were tested. The antisense oligonucleotide sequence for KCTD15 that we selected was: AACCTATCAAGTTTGTCCAGC (5′ -3′ orientation). At the same time, 1 µM of fluorescently labeled control 2′F-ANA was used to check the transfection efficiency ( Supplementary  Fig. 2 ). Before FCM acquisition cells were washed twice with DPBS supplemented with 2% FBS for removing fluorescent oligos stuck to the membrane. According to the findings of Mayumi Takahashi et al. 46 , we confirmed that FANA oligos penetrate into the cells very easily. Then, for our experiments, a concentration of 8 µM of 2′F-ANA was chosen. Cells were harvested at different time points of incubation (up to 16 days) to check KCTD15, expression as described. Considering the long incubation time for optimal KCTD15 silencing in RS4,11 cells, we split the cells and added fresh 2′F-ANA oligos to the culture media. Cell viability was also evaluated using ANNEXIN V -FITC Kit -Apoptosis Detection Kit (IM3546, Beckman Coulter, USA).
Statistical analysis and reproducibility. P-values were calculated as described in individual figure legends using Graphpad Prism 7 (Graphpad Software). Numbers of biological and/or technical replicates, as well as a description of the statistical parameters, are stated in the figure legends. All experimental images are representative of at least two independent experiments. No statistical method was used to predetermine sample size and experiments were not randomized. Statistical analysis for RNA-seq experiments is reported in Supplemental Methods.
